The pigmentation of Petunia hybrida corollas is regulated by gibberellic acid (GA3). It controls the increase of flavonoid enzyme levels and their corresponding mRNAs. We have used an in vitro culture system for corollas to study the regulatory role of GA3 in the expression of flavonoid genes. By determining steady-state mRNA levels, we show that the accumulation of chalcone synthase (chs) mRNA in young corollas is dependent on the presence of both sucrose and GA3 in the culture medium. Whereas sucrose had a general metabolic effect on gene expression, the stimulatory role of GA3 was specific. Analysis of nascent transcripts in isolated corolla nuclei showed that changes in steady-state chs mRNA levels correlated very well with changes in the transcription rate. We therefore conclude that GA3 controls the expression of chs at the transcriptional level. Preculturing the corollas in sucrose medium without GA3 resulted in a lower chs mRNA level. The expression could be reinduced by the addition of GA3. The hormone is thus required for the induction but also for the maintenance of chs transcription. The delayed reinduction of chs expression, the lag time in the kinetics of chs mRNA accumulation, and the inhibitory effect of cycloheximide on the action of GA3 suggest that GA3 controls chs transcription in an indirect manner. Our data support a model in which GA3 induces the production of a regulatory protein such as a receptor or a transacting factor that is directly involved in chs transcription.
During the development of petunia flowers, the anthers produce gibberellins (1) which are transported into the corolla where they promote the growth and pigmentation of the tissue. These developmental processes can be blocked if the anthers are removed at an early developmental stage but will proceed normally if exogenous GA3 is applied (27) . The role of GA3 in the synthesis of anthocyanin has also been studied in an in vitro culture system. When young green corollas are detached and grown in a sucrose medium, GA3 induces the pigmentation of the tissue. This is the result of the expression of the flavonoid genes, such as chs3, chi, and dfr (26, 28) .
The only system in which the role of gibberellin in gene expression has been studied in detail is that of the aleurone layer of germinating cereal seeds. During germination, the embryo secretes gibberellins into the aleurone cell layer where they induce the production of several hydrolytic enzymes (2) . In the case of a-amylase, this is due to the transcriptional induction of the gene (7, 30) . GA3 may control the expression of flavonoid genes in petunia corollas in a similar manner, because in transgenic plants, GA3 promotes the expression of a ,3-glucuronidase gene driven by the chi promoter (28) .
Although a number of genes are known to be regulated by GA3, little is known about the molecular mechanisms. In this study we investigated the GA3-controlled expression of flavonoid genes in petunia corollas. This system offers several advantages. Many genes of the flavonoid pathway have been cloned and sequenced, including the promoters, and the patterns of expression are well described (9, 22) . In addition, promoter studies in transgenic petunia have revealed several sequences that are implicated in the corolla-specific activation (21, 23) . Furthermore, the in vitro culture system of corollas (27) allowed us to modulate the expression of the flavonoid genes effectively. Using this in vitro system, we obtained evidence that GA3 controls the transcription rate of the chs gene and that GA3 may work via an intermediate which is produced when the hormone is added.
MATERIALS AND METHODS Plant Material
Petunia hybrida plants were grown under normal greenhouse conditions. The VR hybrid (V23 x R5 1) (24) was used throughout the experiments. Flower buds detached for the different experiments were of developmental stage 3 (27) unless otherwise stated. At stage 3, corolla tissues are green except in the veins which contain some anthocyanin. Corolla lengths at this stage were 1.3 to 1.7 cm (15-20% ofthe mature flower length).
In Vitro Culture of Corollas
Detached corollas were grown in vitro in tubes containing a 5-mL solution of 150 mm sucrose and 50 lsM GA3 (Sigma) in deionized water, as previously described (27) . In some experiments, additional compounds were added to the medium, as stated in "Results." Cycloheximide and a-amanitin were obtained from Sigma.
RNA Extraction and Northem Blot Analysis
Total RNA was extracted from corolla limbs according to the method of van Tunen et al. (22) . RNA (10 ,ug) Autoradiograms were scanned at 623 nm using an Ultrascan laser densitometer (LKB, Bromma, Sweden).
RESULTS

GA3 and Sucrose Are Essential for chs Gene Expression at an Early Stage of Corolla Development
Previously, we compared the steady-state chs mRNA levels in corollas that were grown in vitro in sucrose medium in the presence or absence of GA3. A higher level of the transcript was found in the presence of the hormone (28) . To study the effect ofthe hormone and the sugar on chs expression in more detail, we incubated young green corolla limbs in various media and determined chs mRNA levels on RNA blots. The ribosomal RNAs were used as internal standards to load equal amounts of RNA on the gels (see "Materials and Methods"). Stage 3 unpigmented corollas contained a low level of chs mRNA (Fig. IA, T=0 ). Only when the corollas were grown in a medium containing GA3 During the later stages of the corolla, the chs mRNA level declined (10) . To examine whether this decrease was due to a lack of gibberellin in the tissue, we treated detached mature corollas, which were at a stage just before anthesis, with and without GA3 and measured the chs mRNA after 24 h. In contrast to the promoting effect of GA3 on the expression of chs during the early stages, the hormone had no effect at this later stage (Fig. 1B) . The decrease in chs mRNA in mature corollas was about the same when they were grown with or without GA3. These results suggest that the normal decrease of chs mRNA at the later stages of flower development is not caused by a lack of gibberellin in the tissue. Therefore, other factors than GA3 may be responsible for the suppression of chs.
GA3 Specifically Enhances the Expression of chs, whereas Sucrose Has a General Metabolic Effect
To assess the specificity of GA3 for the expression of flavonoid genes, we determined the effect of the hormone on the expression of another gene, Jbp, that is also expressed in corollas. This gene was isolated from a petunia corolla-specific cDNA library (A.J. van Tunen, data to be published elsewhere) and contains a DNA-binding domain homologous to that of the agamous gene from Arabidopsis thaliana and of the deficiens gene from Antirrhinum majus (18, 29) . In contrast to the developmentally regulated expression of chs, the expression of 1/p remained constant throughout corolla development ( Fig. 2A, stages 2 and 5 ). In addition, Jbp expression in detached corollas was not affected by the addition of GA3 in the in vitro system (Fig. 2B, lanes S and S+G) . This result shows that only a subset of flower-specific genes, among which chs and perhaps other flavonoid genes (28) (Fig. 2B,  lanes W and G) . These results show that, in contrast to GA3, sucrose is essential for Jbp expression. The fact that sucrose has a similar effect on the expression of both chs and Jbp argues that it is required for gene expression in the developing corolla in general. This was confirmed by experiments in which the metabolic effect of the sugar on the expression of chs was determined. Corollas were cultured in a medium containing GA3 and different sugars (sucrose, glucose, or the nonmetabolizable sugar mannitol). Only in the presence of sucrose or glucose did the steady-state level of chs mRNA increase (Fig. 2C) . When the tissue was grown in the presence of the nonmetabolizable sugar mannitol, the level of chs mRNA decreased in a similar manner as in the water-grown corollas.
GA3 Affects chs Gene Expression at the Transcriptional Level
The promoting effect of GA3 on the accumulation of chs mRNA could result from an increased transcription rate of the gene or from an increased stability of the transcript. To determine whether the stimulatory effect of the hormone is at the transcriptional level, we performed run-on transcription assays in isolated nuclei.
The nuclei were prepared from fresh corollas and from corollas grown in vitro for 24 h in sucrose medium with or without GA3. Nascent RNA was elongated in the presence of [a-32P]UTP and hybridized to filters containing immobilized chs orjbp DNA. The intensity of the signal after autoradiography was used as a measure for the rate of transcription. When the run-on reaction was carried out in the presence of a-amanitin, no labeled chs or Jbp nascent transcripts were detected (Fig. 3A , lane T=0+a-am), indicating that the nascent transcripts are labeled by RNA polymerase II.
In nuclei from GA3-treated corollas, the rate of chs gene transcription was about fivefold higher than that in nuclei from untreated corollas (T=0) and about 20-fold higher than the transcription rate in nuclei from corollas cultured in sucrose medium without GA3 (Fig. 3) . The transcription rate of bp was not affected by any of these treatments, which is consistent with the result that GA3 had no effect on the steadystate Jbp RNA level. These results show that GA3 specifically controls chs expression in a positive manner by regulating transcription initiation.
Kinetics of chs mRNA Accumulation in Detached Corollas
To determine how rapid GA3 exerts its effect on chs expression, we observed the chs mRNA accumulation during the first 24 h of incubation in sucrose medium, with and without GA3. Under both conditions, the chs mRNA level increased only slightly during the first 10 h of incubation (Fig. 4, A and  B) . After further incubation, the level continued to increase in the GA3-treated corollas at a higher rate, whereas it declined in the absence of GA3. After 24 h, the level in the GA3-treated corollas was approximately fivefold higher than that found at time zero and about 20-fold higher than that found after 24 h in sucrose medium without GA3 (Fig. 4C) . These results show that GA3 requires a lag time of about 10 h to exert its effect on chs expression. (control) and to the same phage carrying a petunia chs or fbp cDNA. B, The autoradiograms were scanned and the absorbance was measured at 623 nm.
The differences in the steady-state mRNA levels (Fig. 4B ) were similar to the differences in the transcription rates of the chs gene found with nuclear run-on assays (see previous section). The steady-state mRNA levels, therefore, reflect the transcriptional activity of the chs gene.
GA3 Is Able to Reinduce chs Gene Expression
Because the young corollas used in the in vitro experiments contained a low level of chs mRNA, we were not able to show that GA3 is involved in the initial induction of the gene at the early stage in corolla development.
To obtain evidence that GA3 is able to induce chs gene expression, we tested whether the hormone could reinduce the expression after it had been turned off during an incubation in sucrose medium. After 24 h in sucrose medium, the level ofchs mRNA in the corollas had decreased dramatically, indicating that the gene had been switched off (Fig. 5) . Only when the corollas were transferred to a GA3-containing medium was chs expression fully restored. This indeed shows that GA3 is essential for the inductical of chs expression. The chs mRNA synthesis starts early in corolla development (9) . At this early stage, GA3 promotes the pigmentation and the accumulation of chs mRNA in the detached corollas incubated in sucrose medium. However, if the corollas were grown in sucrose medium without the hormone, the level of chs mRNA decreased and the transcript disappeared. This shows that GA3 is necessary for the continuous expression of the gene during the early stages of corolla development. The hormone seems to be specific for the expression of chs and other flavonoid genes (26, 28) because it had no effect on the expression ofjbp, also a flower-specifc gene. After the flowers reach anthesis, the chs mRNA level declines (9) . The inability of GA3 to prevent this decline in the in vitro assay system indicates that it is not due to a lack of gibberellins in the tissue. These results indicate that gibberellin is not the only factor involved in the regulation of chs gene expression. This is further supported by the observation that GA3 was not able to induce chs expression in leaves (D. Weiss, unpublished data).
Because the labeling of chs and Jbp nascent transcripts in isolated nuclei was inhibited by a-amanitin (Fig. 3) , it can be concluded that the transcripts were synthesized by faithful RNA polymerase II action and that the intensity of the hybridization signals reflects the transcriptional activity of the genes. Therefore, our results show that GA3 regulates chs expression at the transcriptional level (Fig. 3) . The close correlation between the mRNA steady-state levels and the transcription rate of the chs gene indicates that changes in the mRNA level result from GA3-induced changes in the transcription rate rather than from an altered stability of the transcript. The observation that not only the mRNA level (Fig. 2B ) but also the transcription rate of the Jbp gene (Fig. increase of mRNA was observed. This lag time between the application of GA3 and the change in the rate of chs mRNA accumulation (Figs. 4 and 5) may indicate that GA3 is involved in the synthesis of a regulatory protein, receptor, or trans-acting factor, which in turn activates the chs promoter. This interpretation is in agreement with the inhibition of the stimulatory effect of the hormone on chs expression when the protein synthesis inhibitor cycloheximide was included in the GA3-containing medium (Fig. 6 ).
DISCUSSION
The plant hormone GA3 plays an important role in the development of petunia flowers and in the regulation of anthocyanin pigment synthesis in the corolla (27) . The effect of the hormone on the production of anthocyanin results from its regulatory effect on the expression of several flavonoid genes (26, 28 3) was not affected by GA3 shows the reliability of the nuclear run-on assay.
In the in vitro culture system, the expression of chs was reinducible by exogenous GA3 after it had been repressed by a 24-h incubation in just sucrose medium. Despite the fact that chs expression was already induced in the young corollas when they were harvested, the reinduction ofthe gene by GA3 in vitro may mimic the initial activation in vivo. Although it is likely that other factors are involved, we propose that GA3 has a key role in the transcriptional induction of the chs gene early during normal corolla development.
Similar results were obtained in oat aleurone protoplasts, in which GA3 also induces the transcription of the a-amylase gene (7) .
The expression of the chs gene is regulated by GA3, as are other genes of the flavonoid pathway, such as chi and dfr (26, 28) . These results may indicate that the hormone regulates all flavonoid genes in the corolla in a similar manner, which would be consistent with the coordinate expression of those genes during corolla development (3, 22) .
In addition to GA3, sucrose was also needed for chs expression. Because the expression ofthe nonflavonoidjbp gene also needed sucrose, it may, however, serve a general role in gene expression. This is in line with the observation that the nonmetabolizable sugar mannitol could not replace sucrose or glucose in the growth medium for the expression of chs (Fig. 2C) and Jbp (D. Weiss, unpublished data). Therefore, the mode of action of sucrose is different from the specific regulatory role in some other systems (16, 17) .
The rapidity of the response to GA3 and the sensitivity to protein synthesis inhibitors may provide clues about the mechanism of how the hormone controls gene expression (19) . Two observations suggest that GA3 controls chs transcription indirectly: first, the effect of GA3 on mRNA accumulation is observed several hours after it is applied, and second, the stimulatory effect of GA3 is inhibited by the protein synthesis inhibitor cycloheximide. The delay in the accumulation of chs mRNA in response to GA3 was found in two different ways: immediately after detaching the corollas (Fig. 4) and when chs expression was reinduced (Fig. 5) . In detached corollas, the chs mRNA slightly increased during the lag period in both the presence and in the absence of GA3 (Fig. 4) which may be caused by gibberellins that were transported into the corollas just before they were cut. After this lag period, the rate of mRNA accumulation increased in the presence of the hormone, and it decreased in the absence of the hormone. The same lag time of 10 h for the increase and the decrease of the chs mRNA might be coincidental. In the case of the increase, the lag time might be required for the hormone to execute its effect on chs gene expression, and in the case of the decrease, the endogenous active gibberellins and/or intermediate induced product(s) are gradually degraded. When chs expression was reinduced in vitro, after it had been repressed, it took approximately 6 h before chs mRNA reaccumulated (Fig. 5) . The different lag times between the two types ofexperiments may be due to the different pretreatments of the tissues. Our interpretation is that during the incubation in the noninducing sucrose medium, the tissue becomes depleted of active gibberellins and, therefore, also of factors that are directly involved in transcription. The lag time between the addition of GA3 and the accumulation of chs mRNA is required for the synthesis of trans-regulatory proteins or, alternatively, a receptor. The latter possibility would resemble the effect of estrogen on the synthesis of its receptor in the liver of female frogs (4) .
The inhibitory effect of cycloheximide on GA3-induced chs expression (Fig. 6 ) supports the involvement of an intermediate factor, such as a trans-regulatory protein or a receptor. Cycloheximide has been used in other systems to examine whether regulated genes require protein synthesis for their expression. The transcription of the phytochrome-controlled protochlorophyllide oxidoreductase gene of wheat (1 1) and the expression of the auxin-controlled pIAA4/5 and pIAA6 genes in pea epicotyls (20) are not inhibited by cycloheximide.
The fast response of auxin on pIAA4/5 expression, 10 min, is in line with this result (19) . However, cycloheximide clearly inhibited the transcription of the phytochrome-controlled Cab and rbcS genes of wheat and also the GA3-controlled expression of the a-amylase gene in barley aleurone (13) . OuLee et al. (14) demonstrated that GA3 indeed induces the production of a protein in rice aleurone tissue which can explain the 6-h lag time between the application of GA3 and the detection of a-amylase expression (2) .
In the case ofthe development and pigmentation ofpetunia flowers, we propose that, at an early stage of corolla development, the anthers produce gibberellins (1) which are relocated to the corollas. Here, they induce the synthesis of a transregulatory protein or a receptor that, in turn, plays a direct role in the induction and the prolonged transcription of the flavonoid genes. It should now be possible to further dissect the regulatory pathway that leads to gene expression during the addition of GA3 and to biochemically characterize the proteins involved using the in vitro culture system.
